CONVERSION FACTORS
The following conversion table is included for the convenience of those who prefer to use the SI (International System of Units) rather than the inch-pound system of units. Chemical data for concentrations are given in mg/L (milligrams per liter) or /ug/L (micrograms per liter), which are, within the range of values presented, numerically equal to parts per million or parts per billion, respectively. Thermal parameters are reported in "working" units. 
INTRODUCTION
Thermal ground water occurs over a large area south of the Snake River in Owyhee and Twin Falls Counties in southwestern Idaho and northern Elko County in northcentral Nevada (pi. 1). The area supports a rural population dependent primarily on irrigated agriculture and ranching. Wells drilled for irrigation generally yield thermal water, which ranges in temperature from 15° to more than 80° C. For use in this report, thermal waters that have temperatures between 40° and 81 °C are referred to as hot waters; waters that have temperatures between 20° and 30°C are referred to as warm waters. Cold, nonthermal water in the area is generally 12°C or less.
Except for some space heating of homes locally, development of the thermal ground-water resource in the area has been largely for irrigation; consequently, thermal energy associated with the resource is unused. Although temperatures of the thermal water are only moderate, because of the very large reservoir volume, the available thermal energy in the geothermal system is enormous. The most recent assessment of the geothermal resources of the United States (Brook and others, 1979) indicates that the geothermal energy contained in the hydrothermal systems in this area is the largest outside of Yellowstone National Park and represents almost one-third of the energy in known systems above 90°C.
This study is an effort to further evaluate this large resource and is part of a comprehensive program by the U.S. Geological Survey to better understand the nature and occurrence of the geothermal resources in the Nation.
DESCRIPTION OF STUDY AREA
The study area includes about 14,500 mi2 in Owyhee and western Twin Falls Counties in southwestern Idaho, from the Oregon border eastward to Twin Falls, and northern Elko County in north-central Nevada (pi. 1). Included in this study is the 1,100 mi2 Bruneau-Grand View area described by Young and Whitehead (1975) in northern Owyhee County. (See pi. 1 for boundaries of Bruneau-Grand View area.) Later references are made to a "Bruneau-Grand View area" by White and Williams (1975) , who stated that areal boundaries include 869 mi2 on the basis of "surface manifestations, geophysical data, well records, and geologic inference." Brook and others (1979, p. 34) stated that the Bruneau-Grand View area consists of 573 mi2 on the basis of "twice the identified component." The Bruneau and most of the Castle Creek KGRA's (known geothermal resource areas) are within the study area.
Climate in the region is semiarid, characterized by hot, dry summers and cool winters. Topography is varied. The Jarbidge and Owyhee Mountains rise to altitudes of 10,185 and 8,122 ft, respectively. Much of the area consists of extensive plateaus, which range in altitude from 3,000 to 7,000 ft. Lowlands include the Snake River valley, where altitudes range from 2,000 to 3,800 ft. Perennial and intermittent streams drain the area. Principal drainages include the Bruneau and Owyhee Rivers and Salmon Falls Creek. These streams head in the Owyhee and Jarbidge Mountains and flow north across the plateaus in deeply incised canyons to the Snake River.
PURPOSE AND SCOPE
The purposes of this report are to describe the hydrology and geochemistry, to better define the areal limits of thermal water in southwestern Idaho and northcentral Nevada, and to develop a conceptual model of the system that contains the thermal water.
Water samples from 12 wells and 9 springs were collected for chemical analyses. Constituents analyzed include the common ions and silica, and the minor elements arsenic, boron, lithium, and mercury. Additional samples for isotope analyses were collected from wells and springs that were representative of thermal and nonthermal waters in the area. Six wells and six springs were sampled for tritium and four wells and nine springs for deuterium and oxygen-18. In addition, water levels were measured or reported values were obtained for 148 wells, and a generalized potentiometric-surface map was constructed. Where possible, water temperatures were measured or reported values were obtained. For all thermal-water wells and springs sampled, reservoir temperatures were estimated using the silica and Na-KCa (sodium-potassium-calcium) geothermometers. Ratios of selected chemical constituents, concentrations of deuterium and oxygen-18, and tritium in sampled waters were used to characterize and thereby distinguish water from different aquifers.
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PREVIOUS INVESTIGATIONS
Data from known hot springs in southwestern Idaho and north-central Nevada are included in Stearns, Stearns, and Waring (1937) . Historical data from thermal springs and wells in southwestern Idaho were summarized by Ross (1971) ; however, few water-chemistry data were presented. Young and Mitchell (1973) gave chemical analyses from 16 hot-water wells and 6 hot springs in Owyhee and Twin Falls Counties in their evaluation of thermal water in Idaho. They recommended that additional studies be made in 23 areas of the State where aquifer temperatures greater than 140°C were indicated. On those recommendations, Young and Whitehead (1975) inventoried and sampled 94 wells and springs in the Bruneau-Grand View area. In addition to compilation of chemical data, their report contains (1) a description of the areal extent and chemical character of the thermal water, (2) estimates of reservoir temperatures using chemical geothermometers, (3) a description of geophysical data available for the area, (4) a description of geology, and (5) a description of the probable source of the thermal water. Rightmire, Young, and Whitehead (1976) collected and analyzed isotopic and geochemical data for the Bruneau-Grand View area to determine the possible source of recharge to the hydrothermal system. On the basis of an estimated subsurface temperature of 145°C and reservoir volume of 810 mi3, Renner, White, and Williams (1975, p. 38-39) calculated that heat stored in the Bruneau-Grand View geothermal system was about 263X1018 cal. A more recent estimate by Brook and others (1979, table 6 ) places the stored heat at 107±26X1018 cal, on the basis of a mean reservoir temperature of 107±6°C and reservoir volume of 439±101 mi3 . Young, Lewis, and Backsen (1979) estimated the discharge of thermal ground water and associated convective heat flux from wells and springs in the Bruneau-Grand View area in 1978 to be 50,500 acre-ft/yr and 4.97X107 cal/s, respectively.
WELL-AND SPRING-NUMBERING SYSTEM
The well-and spring-numbering system ( fig. 1 ) used by the U.S. Geological Survey in Idaho indicates the location of wells or springs within the official rectangular subdivision of the public lands, with reference to the Boise base line and meridian. The first two segments of the number designate the township and range. The third segment gives the section number, followed by three let-ters and a numeral, which indicate the V4 section (160-acre tract), the 1A-1A section (40-acre tract), the 1A-1A-1A section (10-acre tract), and the serial number of the well within the tr^ct, respectively. Quarter sections are let tered A, B, C,| and D in counterclockwise order from the northeast quarter of each section. Within the quarter sections, 40-acre and 10-acre tracts are lettered in the same manner. Well 4S-1E-34BAD1 is in the SE 1/4NE 1/4NW 1/4 sec. 34, T. 4 S., R. 1 E., and is the first well inventoried in that tract. Springs are designated by the letter "S" following the last numeral; for example, 14S-14E-11CAB1S. Wells and springs in Nevada are located in the same manner with reference to the Mount Diablo base line and meridian. The sedimentary unit, consisting chiefly of rocks of the Idaho Group, contains thermal ground water in the northern part of the study area. This sequence of fluvial and lacustrine deposits, ranging from clay to gravel, has a maximum thickness of about 2,000 ft near Oreana and Grand View, Idaho (Young and Whitehead, 1975) .
GEOLOGIC AND HYDROLOGIC SETTING
The basalt unit, which consists chiefly of Banbury Basalt, is exposed throughout the study area. This unit is also widespread in the subsurface and, along with rocks of the Idavada Volcanics, contains most of the thermal ground water. The thickness of the basalt unit varies and is unknown in many parts of the area. In the Bruneau-Grand View area, Young and Whitehead (1975) indicated that the unit ranges in thickness from less than 100 ft to nearly 1,200 ft.
The silicic volcanic rock unit, which includes the Idavada Volcanics, is also exposed throughout the area south of the Snake River Plain and may underlie the en tire study area. Thickness of the Idavada Volcanics is probably 2,000-3,000 ft; however, the total thickness of the silicic volcanic rock unit is largely unknown and may be as much as 7,000 ft (Mclntyre, 1979) . Low concentra tion of magnesium in the thermal waters seems to favor silicic volcanic rocks as the principal reservoir rock in the regional thermal ground-water system. Due to head dif ferentials, some thermal water probably moves upward into the overlying Banbury Basalt.
A system of northwest-trending faults, particularly in the northern part of the area, has fractured and dis placed the rock units. Most of the faulting probably oc curred in early Pliocene time and progressively diminished through Pleistocene time.
Thermal ground water in southwestern Idaho and north-central Nevada generally occurs under artesian conditions in both the volcanic and sedimentary rocks. The artesian head is variable and may range from a few feet above the water-bearing zone to several hundred feet above land surface. Generally, large well yields and hightemperature waters are from wells penetrating the volcanic-rock aquifers. These wells range from 600 to 3,600 ft in depth, and the water temperatures range from about 30° C to more than 80°C. Wells penetrating the sedimentary-rock aquifers yield smaller amounts of lower temperature water.
Climate in most of the area is semiarid. Plateau and valley areas receive less than 15 in. of precipitation an nually (Thomas and others, 1963) . The highest parts of the Owyhee and Jarbidge Mountains to the south receive as much as 50 in. annually and may be the recharge areas for the thermal aquifers.
GEOCHEMICAL CHARACTERISTICS OF THE HYDROTHERMAL SYSTEM CHEMICAL CHARACTER
Water samples for chemical analyses were obtained from 12 wells and 9 springs. Results of the analyses are included in table 1. Additional chemical analyses of thermal and nonthermal waters from the area are given in Rightmire, Young, and Whitehead (1976, table 2) . Generally, the waters may be divided into three prin cipal types on the basis of proportions of major dissolved constituents and concentration of dissolved solids: (1) Nonthermal water from springs, located mostly at high altitudes in the Owyhee and Jarbidge Mountains to the south, (2) hot water from springs and wells, and (3) warm water from springs and wells, probably representing a mixture of hot water and cooler, local ground waters.
The nonthermal waters are generally calcium bicar bonate in character. Only one spring water exceeded a dissolved-solids concentration of 120 mg/L. All other nonthermal waters sampled had a concentration of dis- Rightmire, Young, and Whitehead (1976) had con centrations of dissolved solids as high as 1,160 mg/L. All the warm waters that had high concentrations of dis solved solids were sampled from wells producing from sedimentary rocks of the Idaho Group.
The relatively dilute nature, the wide range in con centration of dissolved solids, and the variability in con centrations of chloride and boron in all the thermal waters indicate a large, complex, interconnected hydrologic system. The vertical multiplicity of aquifers, along with areal compartmentalization created by faulting, present an almost infinite number of avenues for deep circulation of thermal water. The depths and duration of circulation, contact with different rock types, and mixing with shallow, local ground waters serve to produce the variations in temperature and water chemistry evident in the thermal waters.
CHEMICAL GEOTHERMOMETERS
Reservoir temperatures estimated using the silica and Na-K-Ca geothermometers are valid only for hot-water systems and only if the following basic assumptions are met: (1) The chemical reactions at depth are tempera ture dependent; (2) an adequate supply of chemical con stituents used for the thermometry is present in the aquifer; (3) chemical equilibrium is established between the hot water and the specific aquifer minerals; (4) reequilibration of the chemical composition of hot water as it rises to the surface is negligible; and (5) hot water rises rapidly to the surface with no dilution or mixing of hot and cold waters (White, 1970) .
Reservoir temperatures in the study area were es timated using the silica geothermometer (Fournier and Rowe, 1966) and the Na-K-Ca geothermometer (Four nier and Truesdell, 1973) . Silica equilibrium with both quartz and chalcedony was considered assuming conduc tive heat loss. No magnesium correction was applied because the Na-K-Ca geothermometer indicated temperatures of 74°C or less for samples containing ap preciable (greater than 1 mg/L) magnesium. (Fournier and Potter (1979) suggested that a magnesium correc tion should not be attempted if the Na-K-Ca geother mometer indicates a temperature of less than 70° C.) Dissolved silica (Si02) reported in chemical analyses is actually present as silicic acid (HiSiCM and various amounts of dissociated species (particularly HaSiO-r). In alkaline waters, hydroxide (OH") reacts with the silicic acid to reduce the proportion of silicic acid to total dissolved silica: The pH of thermal waters sampled ranged from 7.3 to 9.6. For waters that have pH values greater than about 8.2, the total concentration of dissolved silica measured in the laboratory (^SiC^+HaSiO-r) was reduced by the calculated concentration of HsSiO-T to obtain a better estimate of the temperature of the thermal reservoir (Brook and others, 1979) .
Estimated reservoir temperatures for 11 hot-water wells and 5 hot springs sampled in the study area are given in table 2. Locations of the sample sites are shown on plate 2. In general, most of the temperatures esti mated using the Na-K-Ca and the H3Si04" corrected quartz geothermometers are in good agreement. Tem peratures estimated using the H3Si04" corrected chal cedony geothermometers generally are less than tem peratures estimated using the Na-K-Ca geothermome ter and, occasionally, were less than the water tempera ture measured at the surface. Figure 2 is a comparison of reservoir temperatures es timated by the HaSiO-T corrected quartz and Na-K-Ca geothermometers. Waters that plot on or very near the equal-temperature line are likely to be unmixed waters or waters that have reequilibrated with the aquifer minerals after mixing (Fournier and others, 1979) . If the calculated temperature is significantly higher than the measured temperature for these unmixed or reequilibrated waters, some heat has probably been lost conductively as the water moves through the aquifer.
Waters that plot significantly above the equaltemperature line have undergone evaporation or contain silica dissolved from amorphous aquifer material. The Na-K-Ca geothermometer uses ratios of constituents and is less sensitive to concentration changes that occur during evaporation than is the silica geothermometer.
Waters that plot significantly below the equaltemperature line may have had (1) mixing with another type water without sufficient time to equilibrate with the surrounding rock (in mixed waters, silica estimated temperatures are generally decreased more than Na-K- Ca estimated temperatures), (2) precipitation of silica during cooling, whereas Na-K-Ca proportions remain unchanged, or (3) precipitation of calcite or aragonite due to loss of carbon dioxide without an adjustment in the concentration of sodium and potassium through reaction with clays, zeolites, or other minerals (Fournier and others, 1979) .
As shown in figure 2, most sampled waters plot on or near the equal-temperature line and are probably unmixed waters or waters that have had time to reequilibrate with the surrounding waters after mixing. Estimated reservoir temperatures between Givens Hot Springs and Murphy (sample Nos. 1, 2, and 3) range from 81° to 96° C. Estimated reservoir temperatures in the area between Oreana and Grand View (sample Nos. 4 and 6) range from 80° to 90°C. Reservoir-temperature estimates for spring 12S-7E-33CBC1S (sample No. 11) are within 2° of the temperature of 71.5°C measured at the surface. Estimated reservoir temperatures for the two hot-water wells and one warm spring (sample Nos. 14, 15, and 16) in north-central Nevada were in good agreement at each location, although the estimated temperatures at the three sites ranged from 51° to 106°C. Reservoir temperatures near Buhl (sample No. 9) range from 92° to 96°C.
Samples 5, 10, 12, and 13 (significantly above the equal-temperature line) may have undergone evapora tion, or dissolution of vitreous material in the aquifer may have increased the dissolved silica concentration. The Na-K-Ca geothermometer temperatures are probably the better estimate because of the unsaturation of calcite or aragonite (table 2). Samples 7 and 8 (below the equal-temperature line) probably indicate a mixed water that has not reequilibrated chemically with the aquifer materials after mixing.
Reservoir temperatures were estimated for samples 4, 6, 7, and 11, using the sulfate-water isotope geothermometer described by McKenzie and Truesdell (1977) . Assuming conductive heat loss, N. L. Nehring, U.S. Geological Survey, Menlo Park, Calif., determined res ervoir temperatures of 103°, 95°, 106°, and 115°C for samples 4, 6, 7, and 11, respectively (table 2) . Dissolved sulfate and water are probably in isotopic equilibrium in all reservoirs of significant size having temperatures above about 140°C (McKenzie and Truesdell, 1977) . The reasonably close agreement of the sulfate-water isotope geothermometer temperatures ob tained for three of the waters with those obtained using the silica and Na-K-Ca geothermometers may indicate that, given sufficient residence time, equilibrium could also be achieved in reservoirs at a temperature as low as 100°C.
On the basis of available geothermometry, estimated reservoir temperatures in southwestern Idaho proba bly range from about 80° to near 100°C. Reservoir temperatures in north-central Nevada probably range from 51° to 106°C.
ISOTOPES
Samples of thermal and nonthermal water from 7 wells and 5 springs were obtained for analysis of tritium, deuterium, and oxygen-18. Several conclusions may be drawn concerning age, origin, and mixing pat terns of the geothermal water on the basis of these analyses.
TRITIUM
Tritium (3H) is a radioactive isotope of hydrogen and decays with a half-life of about 12.4 years. It is formed in the upper atmosphere during bombardment by sub atomic particles from outer space and is introduced into the water cycle dissolved in rain and snow. Although concentrations of tritium in precipitation vary both seasonally and geographically, prior to extensive ther monuclear testing between 1953-63, average tritium levels in precipitation were about 10 ~18 TU (tritium units).
(One TU equals a 3H/H ratio of about 10'18, or about 3.2xHT18 picocuries per liter.) By 1963, worldwide tritium levels in precipitation had increased several or ders of magnitude and were reported to be 7,000 TU in the vicinity of Yellowstone National Park (Pearson and Truesdell, 1978) . Since the ending of atmospheric nuclear tests, tritium levels in precipitation have de clined and presently (1979) average about 50 TU.
Tritium content in ground water is a function of tritium content in the recharge water and the residence time and nature of flow in the system. Two basic types of flow models were discussed in detail by Nir (1964) : (1) the piston-flow model, which has parallel flow lines of constant and equal velocity, so that a water sample taken at some point would include only water originating at the point of recharge; and (2) the completely mixed reservoir model, where it is assumed that the recharge water is continually and instantly mixing throughout the entire system. Tritium content in water of various residence times, assuming piston-flow and well-mixed reservoir systems, in Yellowstone National Park was calculated by Pearson and Truesdell (1978) and is shown in figure 3 . Curves similar to those in figure 3 probably would result for comparable ground-water systems in thermal areas of southwestern Idaho and north-central Nevada.
Results of tritium analyses of water samples from selected wells and springs are shown in table 3. Samples analyzed in the Reston, Va., laboratory of the U.S. Geological Survey were predistilled and enriched by electrolysis. Enriched aliquots from the 100-mL (milliliter) samples were counted by a liquid scintillation counter; enriched aliquots of 470-mL samples were counted by a gas proportional counter. In table 3 errors are given for one standard deviation and include those incurred during radioactive counting, as well as volume errors. For the 100-mL enrichment method of analysis, the minimum error is 0.6 TU; for the 470-mL enrichment method, the minimum error is 0.2 TU. All samples were corrected for tritium decay to the collection date using a half-life of 12.361 years.
As shown in table 3, concentration of tritium in water sampled from wells and springs having temperatures between 51° and 81°C ranges from 0 to 1.4 TU. Concentration of tritium in water sampled from two 
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6. FIGURE 3.-Tritium content of water assuming piston-flow and wellmixed ground-water systems in Yellowstone National Park (from Pearson and Truesdell, 1978) .
Samples analyzed by T. A. Wyerman, U.S. Geological Survey, Reston, Va.
2 Samples analyzed in U.S. Geological Survey Central Laboratory, Arvada, Colo.
cold-water springs in the Jarbidge Mountains to the south was 59 and 119 TU. Tritium in water from a slightly thermal (20°C) well was 1.9 TU. Considering the standard deviation of the 100-and 470-mL aliquots, it is unlikely that any of the water sampled from the hot wells and springs contains significant amounts of post-1954 water. This conclusion is based on an estimate of pre-1954 precipitation at 10 TU and about two half-lives decay. The actual choices concerning the origins of the hot water are either all pre-1954 precipitation or con siderably older water that has small amounts of post-1954 post- precipitation (T. A. Wyerman, written commun., 1979 . Some degree of mixing, therefore, is not ab solutely precluded from the tritium data. From the small amount of tritium in the hot water sampled, residence time in the system is at least 30 years.
Regarding the high concentration of tritium in the cold spring water to the south, a residence time of as lit tle as 2 years or as many as 20 years is indicated ( fig. 3 ), assuming piston flow in the system; for a well-mixed reservoir, residence time up to 20 years may be possi ble. If the warm water is unmixed and has a tritium concentration of 1.9 TU, using the piston-flow model, a residence time of about 30 years is indicated.
DEUTERIUM AND OXYGEN-18
Concentration of the stable isotopes, deuterium (D) and oxygen-18 (180), in water from different sources is used to characterize and indicate the origin and mixing patterns of individual waters.
Principal stable molecular species in water are H2160, H217O, H218O, and HDO. In ocean water, the proportions of these species are 106 :2,000:420:316 (Craig, 1963) ; this composition is referred to as SMOW (standard mean ocean water). Atmospheric water derived from the ocean is depleted in the stable isotopes. The isotopic composition of precipitation depends on the fraction of water remaining in the air mass from which the rain or snow is derived, the first precipitation being the rich est in heavy isotopes (Ellis and Mahon, 1977) . Stableisotope concentrations are generally expressed in delta units (5) and are reported in parts per mil (%o), or parts per thousand. These units represent relative deviations in the heavy isotope fraction in water and are defined as A worldwide study of freshwater samples by Craig (1963) showed that the isotopic compositions of cold meteoric waters were related by the equation §D=8 §180+10. This straight line, commonly referred to as the meteoric water line, is shown in figure 4 ; the slope of the line may vary regionally. Depletion of stable isotopes in meteoric waters (reporting units become more negative) in general can be correlated with dis tance from the ocean, latitude, and altitude (or tempera ture). Waters affected by extensive nonequilibrium evaporation, as in inland basins, lie off the meteoric line. However, at ordinary air tempertures, evaporated sur face waters are connected approximately to the original precipitation composition 51800,5D0 by a line expressing the equation §D=5(5180- §1800 )+D0 (Ellis and Mahon, 1977) .
During passage through an aquifer, thermal and nonthermal ground water retains the D composition charac teristic of precipitation in the recharge area. A compara ble hydrogen-isotope shift does not occur because rock THERMAL GROUND WATER, SOUTHWESTERN IDAHO, NORTH-CENTRAL NEVADA Jll minerals contain little hydrogen and because the water to rock ratios of geothermal systems are seldom so low that the hydrogen of rock minerals is a significant frac tion of the total hydrogen (Truesdell and Hulston, 1980) . However, hydrogen and oxygen isotope-exchange reac tions between clay minerals and water have been ob served by O'Neil and Kharaka (1976) in laboratory bomb runs at temperatures between 100° and 150°C. The 180 content in thermal water is usually enriched (becomes less negative) to varying degrees during circulation within the system, due to reaction with the more en riched 180 of the confining rock. Isotope-exchange reac tions between water and rock occur slowly at tempera tures below 150°C (Hobba and others, 1979) and are generally detected only in systems having reservoir temperatures equal to or greater than about 100°C (Ellis and Mahon, 1977) . For a more complete discussion of stable-isotope geochemistry, refer to Gat (1971) or Ellis and Mahon (1977) .
Water samples for analyses of 180 and D were col lected from four wells and nine springs in and adjacent 'Crosthwaite, unpublished data (1977) . 2 Rightmire, Young, and Whitehead (1976) .
to the study area. Additional stable-isotope analyses are available for the Bruneau-Grand View area (Rightmire, Young, and Whitehead, 1976; and Crosthwaite, unpubl. data, 1977) . All the recent (1979) and selected older data from the Bruneau-Grand View area are shown in table 4. A plot of stable-isotope data in standard 8 values (°/oo) relative to SMOW, for the above data is shown in figure 4 . Cold waters, indicated by closed circles in figure  4 , range in temperature from 4° to 12°C and probably represent local, present-day meteoric water. Tritium analyses of the cold waters indicate all are relatively young (less than 20 years old). Several of the cold-water samples plot off the meteoric water line and probably in dicate evaporation prior to being recharged.
Waters k and I in figure 4 , having temperatures near 80°C at the surface, were sampled from wells in the Oreana and Grand View areas. On the basis of the silica and Na-K-Ca geothermometer results, these waters have not attained temperatures much higher than those measured at the surface and probably represent unmixed hot water from the deep system. Waters that plot between the hot and cold waters in figure 4 range in temperature from 72° to 27°C and are probably mixtures of the two waters.
The unmixed hot waters lack the conventional "ox ygen shift" or enrichment of 180 common to many geothermal systems (Ellis and Mahon, 1977) . Instead, hot waters sampled from southwestern Idaho and northcentral Nevada exhibit a general depletion trend in both 180 and D relative to the local cold meteoric waters. Some discussion of this phenomenon is warranted at this point.
Constraints to be applied to any interpretation of the isotopic composition of the waters shown in figure 4 re quire that the hot water, due to a depletion of about -17 and -2 0/00 D and 180, respectively, relative to the present-day cold waters, might have originated at a higher altitude or might have occurred as precipitation in the past when the regional climate was colder. Com parison of concentrations of stable isotopes with mean annual temperatures at springs in the Appalachian Mountains (Hobba and others, 1979 ) indicate a deple tion rate for D of about -4 °/ 00 per °C, which is within the range of -3.2 to -5.6 °/oo per °C suggested by Dansgaard (1964) . On the basis of these estimates of D depletion with temperature and the normal temperature lapse rate of about 2°C per 1,000 ft, meteoric water hav ing a D concentration comparable to that of the hot waters could occur if climatic conditions were about 3° to 5°C cooler than at present or if precipitation fell at altitudes 1,500-2,700 ft higher than the cold springs sampled during this study. Rightmire, Young, and Whitehead (1976) suggested that recharge to the hot-water system in the Bruneau-Grand View area might have originated from areas of high altitude to the south in the Bruneau River drainage, or might have occurred during a time when the regional climate was much colder. Other processes dur ing circulation that could produce waters depleted in 18O and D are boiling and separation of steam; mixing of an older, hotter water with younger, cooler, local water; or isotope-exchange reactions between clay minerals and water. Neither of the first two processes lends it self to the conceptual model proposed for the system. Because it was previously suggested that hot waters in the Oreana and Grand View areas are not mixed and probably have not attained temperatures much in excess of 90°-100°C, any interpretation involving separation of steam or mixing of older, hotter water seems unwar ranted.
The possibility that the stable-isotope composition of the hot waters has been altered due to hydrogen and oxygen isotope-exchange reactions with clays also is dis missed. Such waters probably would contain concentra tions of dissolved solids in excess of those observed due to dissolution of the clay minerals, and their composition of stable isotopes would be enriched relative to SHOW.
Stable-isotope analyses of cold-water samples a and b ( fig. 4) were collected in 1979 from springs near the head of the Bruneau River drainage at altitudes near 8,300 and 7,000 ft, respectively. Enrichment of stable isotopes in the cold springs relative to the hot water and the absence of nearby higher topography that could yield precipitation lighter in isotopic composition, indicates that none of the hot water discharged from the geothermal system is derived from present-day, local precipita tion.
Considering the previous statement, the most probable explanation for the isotopic composition of the hot waters is recharge from precipitation that fell some time in the past when ambient temperatures were 3°-5°C colder than at present. To obtain sufficient recharge depleted in the stable isotopes, colder climatic conditions must have persisted over long periods of time, rather than a few tens of years, and are probably cor relative with one of the major ice advances.
While working in the St. Elias Mountains in southern Yukon Territory and Alaska, Denton and Karlen (1973) identified two major intervals of worldwide Holocene glaciation that occurred 200-350 years (Little Ice Age) and 2,400-3,300 years ago. During these episodes, they suggested that average tem-peratures were about 3.5°C colder than at present. A third, post-Wisconsin advance occurred 4,900-5,800 years ago but was less intense than the younger intervals. Prior to the 4,900-to 5,800-year in terval, glacial advances were associated with late Wisconsin Glaciation in North America and occurred at about 2,500-year intervals beginning about 7,800 years BP (before present) (Denton and Karlen, 1973) .
The 2,400-to 3,300-year dates suggested by Denton and Karlen (1973) are significantly close to the 2,000-to 3,500-year age given for post-hypsithermal glacier ad vances at Mount Rainier, Wash., given by Crandell and Miller (1964) , and for the La Sal Mountains of eastern Utah, given by Richmond (1962) ; these ages may bracket the time during which precipitation and recharge to the geothermal system occurred. Occurrence of a colder climate about 3,000 years ago is within the time frame suggested by estimates of residence time in the geother mal system; however, this does not preclude the pos sibility of precipitation and recharge nearly 8,000 years BP, or even earlier, during the Wisconsin Glaciation.
Considering the available data, meteoric water was probably recharged to the geothermal system when am bient temperatures were about 3.5°C colder than at pre sent. The water could then circulate to some depth, be heated to temperatures near 100°C, and become enriched in 18 O through water-rock reaction to ultimately resemble, isotopically, the unmixed hot waters shown in figure 4.
THERMAL GROUND-WATER OCCURRENCE AND MOVEMENT
Thermal ground water occurs principally in discon tinuous, or at least, compartmented zones created by the complex pattern of faulting in the area. Between Grand View and Oreana, thermal water occurs generally below about 2,000 ft in the Banbury Basalt and Idavada Volcanics. This area is approximately coincident with the resistivity low delineated on the apparent-resistivity maps and skin-depth pseudosections drawn by Hoover and Tippens (1975) from audio-magnetotelluric data. Two wells that penetrate to about 2,900 ft in the Idavada Volcanics yield water having temperatures up to 81°C at discharge rates near 2,000 gal/min. Wells in this vicinity completed below about 2,000 ft in the Banbury Basalt yield water generally greater than about 65°C. Also, between Grand View and Oreana, and throughout the rest of the study area, thermal water occurs in one or more shallow aquifers; wells between about 250 and 1,900 ft, completed in sedimentary rocks of the Idaho Group, yield water between about 20° and 30° C at a dis charge rate between about 5 and 1,000 gal/min. Artesian head in the deep aquifer is generally several hundred feet above the artesian head in the shallow aquifer(s), and some upward movement of water between the two aquifers probably occurs (Young and Whitehead, 1975) .
Depths of wells, water levels, and water temperatures are highly variable in the volcanic rocks. Water levels in these rocks range from several hundred feet above land surface (as artesian heads) to nearly 900 ft below land surface. Generally, artesian heads are above land surface in wells in the northern part of the study area adjacent to Well number 2  2  2  2  2   2  2  2  2  2  2  2  2  2  2   2  2  2  2  2   2  2  2  2  2   2  2  2  2  2   2  2  2  2  2   2  2  3  2  3   3  3  5  2  3   3  3  3 the Snake River. The artesian head is generally below land surface to the south, where drillers report that when water is encountered, the water level in the wells rises several feet to several tens of feet. A generalized potentiometric surface for the deep hydrothermal system, based on measured or reported water levels in 148 wells, is shown in figure 2 . Water levels used to define this surface are from wells com pleted in volcanic rocks and from the deepest wells in the area. The measured or reported water levels are given in table 5. An attempt was made to convert water levels to a cold-water equivalent head; however, insufficient data to do this for many wells resulted in a loss of data points. Therefore, the potentiometric surface shown in figure 2 is not temperature corrected.
The general direction of regional ground-water move ment can be inferred from the potentiometric-surface map ( fig. 2) . Movement is down the hydraulic gradient and roughly perpendicular to the potentiometric con tours, from areas of recharge to areas of discharge.
TEMPERATURE DISTRIBUTION AND HEAT FLOW
The widespread occurrence of thermal ground water in southwestern Idaho and north-central Nevada suggests a broad heat source. Heat-flow distribution on the Snake River Plain is interpreted by Brott, Blackwell, and Mitchell (1978) to be related to combined effects of crustal thermal refraction and a large crustal heat source emplaced under the western part of the plain 10-15 mil lion years ago. Any discussion of the geothermai system, therefore, must consider deep circulation of meteoric water in an area of above-normal heat flow.
Heat-flow values reported by Brott, Blackwell, and Mitchell (1978) ranged from 3.3 HFU (heat-flow unit; 1 HFU equals 1 microcalorie per centimeter squared per second) in granitic rocks near the margin of the western Snake River Plain to 1.5 HFU near the Snake River. Sass and others (1971) reported heat flow in north-central Nevada to be 3.3 HFU. Mclntyre (1979) calculated a heat flow of 1.7 HFU, using average thermalconductivity values of Brott, Blackwell, and Mitchell (1978) and a bottom-hole temperature of 150° C in an 11,125-ft test hole. Subsequently, a series of bottom-hole temperature measurements were made at intervals of time and extrapolated to infinity in the manner described by Parasnis (1971) to obtain a bottom-hole temperature of 196°C and a corresponding thermal gradient of 1.7°C per 100 ft. This thermal gradient is less than the 2.0°C per 100 ft estimated by Young and Whitehead (1975) and is greater than the 1.4°C per 100 ft estimated by Mclntyre (1979) , due to use in the com putation of a greater depth (11,125 ft) and higher bottom-hole temperature (196°C), respectively.
Using a thermal gradient of 1.7°C per 100 ft and the thermal-conductivity value used by Mclntyre, a heat flow of 2.2 HFU was obtained, which is within the 1.5-3.3 HFU range reported by Brott, Blackwell, and Mitchell (1978) for the Snake River Plain.
If a heat flow of 2.2 HFU over the entire 1,520 mi2 of the system is assumed (see following section on "Conceptual Model of the System", a net heat flux into the system of 8.7X107 cal/s is indicated. Heat is dis charged naturally from the system conductively at the surface, convectively in thermal-spring discharge, and advectively in thermal ground water moving northward out of the area. Conductive and convective discharge can be estimated and the advective discharge determined from the relation:
Q advective ^input ^conductive ^convective* Heat discharged conductively at the surface was estimated using temperature data in Young and White head (1975) from wells less than about 2,000 ft deep completed in sedimentary deposits. Average ther mal gradient in six wells was 0.9°C per 100 ft. Thermal conductivity measured in 15 core samples of sand and clay was 3.6X10~3 [cal/(cm s • °C)] (Brott and others, 1978, p. 28) . Using these values, a conductive heat flow of 1.1 HFU is obtained, or about 4.3 XlO7 cal/s for the 1,520 mi2 system.
Convective heat flow discharged naturally in thermal springs was 1.6XlO7 cal/s on the basis of temperature and discharge measurements from springs included in Stearns, Stearns, and Waring (1937) . Using the above equation, the amount of heat discharged advectively in thermal ground water leaving the system is (8.7X107)-(4.3X107)-(1.6X107), or 2.8X107 cal/s.
On the basis of the conceptual model proposed, heat is discharged advectively from the system in water moving across the northern boundary, which is nearly coincident with the course of the Snake River. If the temperature of the water is known, the volume of discharge, Q, neces sary to transport 2.8XlO7 cal/s from the system can be calculated from the relation, Q = Net heat flux Heat content of the water Using the heat content of the thermal water, the volume of discharge across the boundary necessary to transport the residual heat from the system is estimated for various water temperatures as shown in table 6. 14.
16.
20.
25.
33. Thermal-water temperatures along the northern boun dary range from 35° to 81°C and average about 50°C. If an average temperature of about 50° C is assumed for the thermal water all along the northern boundary, from table 6, about 25 ftVs, or nearly 18,000 acre-ft/yr, is re quired to transport convectively, 2.8X107 cal/s of heat from the system.
Using an estimate of recharge (thermal-water outflow across the northern boundary, plus hot-spring discharge) and the volume of the geothermal reservoir, the residence time of water in the system can be calculated. From the equation (Pearson and Truesdell, 1978) for calculating tritium content (T) at any point in a wellmixed reservoir for some transit time (t),
where T0, Q, V, yt are tritium concentration in recharge water, input (= output), reservoir pore volume and decay constant (In 2/half-life), respectively, the ratio V/Q is the turnover time for the system. Bolin and Rodhe (1972) have shown that this turnover time is identical to the average transit time or average age of particles leaving the reservoir, which they prefer to term "residence time." Applying the relation t=V/Q to the southwestern Idaho north-central Nevada geothermal system, and us ing the values for reservoir volume and recharge of 576 mi3 and 39.8 ft3/s, respectively (25.0 ft3/s ground-water outflow to the north, plus 14.8 ft3/s hot-spring discharge), residence time is about 3,400 years for a reservoir having an effective porosity of 0.05; residence time is about 6,800 years for a reservoir having an effective porosity of 0.10. Brott, Blackwell, and Mitchell (1978) obtained porosities of 0.05 from laboratory analyses of core sam ples from silicic volcanic rock. This is probably a minimum for the reservoir, considering the secondary porosity that likely occurs due to faulting.
Calculations for the geothermal system apply to an average reservoir thickness of 2,000 ft. If the geothermal reservoir volume is less than 576 mi3, or if the recharge is greater than 39.8 ft3/s, calculated residence time is reduced; if the reservoir volume is greater or if the dis charge is less, calculated residence time is greater.
In spring 1982, water samples were obtained from several of the hottest wells by the authors and W. H. Low (U.S. Geological Survey) for analysis of carbon isotopes 12C, 13C, and 14C. On the basis of analysis of stable-isotope data discussed earlier, water from these wells has not mixed with shallower, local ground water and probably is representative of hot water from the deep system. Although 13C to 12C ratios obtained from carbon-isotope analysis of water from upland cold springs are not presently available, preliminary esti mates on the basis of carbon-14 determinations indicate the geothermal waters in the area have an apparent age in the range of 18,000-25,000 years (oral commun., W. H. Low, 1982) .
Reservoir thermal energy in the Bruneau-Grand View system was estimated by Brook and others (1979) using the relation:
where q r = reservoir thermal energy, pc= volumetric specific heat of rock plus water, a = reservoir area, d= reservoir thickness, t= reservoir temperature, and tref = reference temperature.
From this equation, and using the conceptual model described in the following section, the reservoir thermal energy for the geothermal system in southwestern Idaho and north-central JMevada is about 130X1018 cal. This differs from the value of 107 X1018 cal obtained by Brook and others (1979) , due to the larger reservoir vol ume assumed.
CONCEPTUAL MODEL OF THE SYSTEM
The conceptual model is based on available geologic, geophysical, and hydrologic data. It is, of necessity, generalized and probably an oversimplification of what is undoubtedly a complex system. This model is not uni que but can be considered a first approximation, es tablished within existing constraints. As additional data are generated, more specific models will be developed.
An interpretation by Mabey (1976) of seismic, magnetic, and gravity data indicates about 3,280 ft of interbedded basalt and sedimentary rocks of Pliocene to Holocene age overlie about 1,800 ft of silicic volcanic rocks of Miocene and Pliocene age. Older basalts of Ter tiary age and rocks of the upper and lower crust underlie the silicic volcanic rocks. Mclntyre (1979) examined well cuttings from the Anschutz Federal No. 1 drill hole located in NEWSW 1^ sec. 13, T. 5 S., R. 1 E., and described a 2,000-ft section of rhyolite between 2,720 and 4,750 ft. Drillers' logs for wells in the area indicate that hot water is encountered in rhyolite at a depth of about 2,900 ft. On the basis of this evidence, the rhyolite is con sidered to be the principal reservoir rock in the northern part of the study area.
For simplicity, a single aquifer about 2,000 ft thick, at a depth of 3,000 to 5,000 ft, is proposed to be in the silicic volcanic rocks of the Idavada Volcanics. Considering the following three items, that the southern boundary of the system is the edge of the Snake River Plain-approx imated using the aeromagnetic map of Zietz, Gilbert, and Kirby (1978) -that the northern boundary is coinci dent with the course of the Snake River, and that the east-west boundaries are as shown on plate 1, then, the surface area of the hot-water reservoir is about 1,520 mi2 , and the volume of rock is 576 mi3 . There is no evidence to indicate the existence of a shallow, local heat source. Available data indicate only slightly above-normal heat flow over most of the Snake River Plain. In the western part of the plain, however, heat-flow values range from about 1.5 HFU to 3.3 HFU along the southern margin (Brott and others, 1978) . This model differs from previously described geothermal convection models where meteoric water is circulated to depths near 10,000 ft, is heated, and then, due to density difference between the hot and cold water, rises along faults to ultimately fill the available pore space in some reservoir rock. The proposed model suggests that for this part of the Snake River Plain having a heat-flow value of about 1.7 HFU, water temperatures equivalent to those estimated using geothermometers can be attained at depths near the base of the geothermal reservoir at about 5,000 ft in rocks of the Idavada Volcanics, and deeper circulation of water below that depth is not required. Considerable transfer of heat convectively within the reservoir is implied, however, by the occurrence of 80°C water in two wells at a depth of about 2,900 ft. In a solely conductive regime, and on the basis of data from the deep drill hole, water temperatures of 80°C would occur at a depth of about 5,000 ft. For water temperatures of 80°C to occur at a depth of only 2,900 ft, a heat flow near 3.2 HFU would be required; such a high heat flow would result in a bottomhole temperature of about 270°C in the deep drill hole. Neither of these is consistent with a conceptual model of the geothermal system developed based on available data.
On the basis of thermal considerations, recharge to the system is about 40 ft3/s. Using the stable-isotope data, it is not possible to suggest a principal recharge area for the convective system. However, the generalized potentiometric contours (pi. 2) indicate that the recharge area lies somewhere to the south and may be considerably removed from the area of discharge. Water in the thermal system is meteoric in origin and most likely fell as rain or snow in the distant past when the regional climate was much colder than at present. Water is heated by circulation to depths near 5,000 ft. Lack of significant amounts of tritium in the water indi cates minimum residence time in the system is more than 30 years. On the basis of estimates of reservoir vol ume and amount of recharge, the residence time in the system is probably at least 3,400-6,800 years, and in view of recent preliminary carbon-14 analyses, perhaps as long as 25,000 years.
The dilute nature of the hot water (less than about 400 mg/L dissolved solids) in the system could indicate one of three possibilities: (1) rapid water movement and short residence time, hence, little water-rock reaction; (2) reservoir temperature sufficiently low so that waterrock reaction occurs very slowly; or (3) a very old sys tem, in which most of the minerals in the rock have been leached, owing to long contact with circulating hot water. None of the above reasons are sufficient by themselves to adequately explain the dilute nature of the thermal water. Interpretation of the tritium and stable-isotope data and of the subsurface temperatures calculated using chemical geothermometers precludes using either possibility 1 or 2 above as the basis for a conceptual model of the geothermal system. Concentra tions of fluoride, lithium, and boron in the thermal water indicate that relatively soluble minerals still per sist in the reservoir rock and are still being dissolved. If possibility 3 were true, the more soluble minerals al ready would have been dissolved and concentrations of fluoride, lithium, and boron in the thermal water would be much less.
Preliminary interpretation of carbon-14 analyses of the thermal water has extended the estimates of resi dence time in the system. Consideration of a longer resi dence time will alter the conceptual model proposed. With increased time constraints, in order to address the thermal and hydraulic considerations, the new model must include (1) an increase in the size or effective porosity of the reservoir; (2) a reduction in the outflow, hence, total recharge to the system; (3) an increase in the temperature of the water that discharges from the system; or (4) some combination of the above.
In any case, the proposed generalized conceptual model is one of an old system with long residence time where circulation has occurred for thousands or tens of thousands of years. The volume of reservoir rock involved is sufficiently large so that soluble min erals continue to be dissolved, and the chemistry of the water reflects more the type of rock through which the water has passed than the residence time or the reservoir temperature.
SUMMARY
Rocks of igneous, sedimentary, and metamorphic origin in southwestern Idaho and north-central Nevada range in age from Precambrian to Holocene. Rocks related to the occurrence of thermal ground water in clude (1) sedimentary rocks of the Idaho Group of Quaternary and Tertiary age; (2) basalt of Quaternary and Tertiary age, which consists chiefly of the Banbury Basalt of Tertiary age; and (3) silicic volcanic rocks of Tertiary age, which include the Idavada Volcanics.
The silicic volcanic rocks and the Banbury Basalt are thought to be the chief reservoir rocks of the thermal ground-water system(s) in the study area. Low con centration of magnesium in the thermal water seems to favor silicic volcanic rocks as the principal reservoir rock. These rocks have been fractured and displaced by a system of northwest-trending faults, particularly in the area adjacent to the Snake River.
Thermal ground water generally occurs under artesian conditions; water temperatures range from 20° C to more than 80°C. The artesian heads are variable and range from a few feet above the water-bearing zone to several hundred feet above land surface. Thermal ground water in the study area occurs, for the most part, in discon tinuous, or at least, compartmented zones. Groundwater movement in the western part of the area is generally northeastward. Ground water in the eastern part of the area tends to move northward and northwestward.
Nonthermal ground waters are generally a calcium bicarbonate type and have dissolved-solids concentra tions generally less than 120 mg/L-The hot waters, which are thought to be representative of the deep convective system, are generally a sodium carbonate or bicarbonate type and have dissolved-solids concentra tions generally less than about 400 mg/L. Estimated reservoir temperatures using the Na-K-Ca and HaSiO-r corrected silica geothermometers range from about 80° to 96° C in southwestern Idaho and from about 51° to 106 °C in north-central Nevada. The sulfate water isotope geothermometer indicates maximum reservoir temperatures in southwestern Idaho are near 100°C. Tritium concentrations in the hot water in southwestern Idaho are near zero, which indicates a minimum resi dence time of 30 years. Tritium concentrations of cold springs in the southern part of the study area indicate residence times as short as 2 years or as long as 20 years. Stable isotopes are depleted in the hot waters relative to present-day meteoric waters and were proba bly recharged several thousand years ago during one of the Holocene glacial advances when ambient tempertures were about 3.5°C colder than at present. On the basis of estimated recharge rate and the pore volume of the geothermal reservoir, minimum residence time in the system may be 3,400-6,800 years; on the basis of preliminary estimates of carbon-14 determinations, resi dence time could be as long as 25,000 years.
Widespread occurrence of thermal ground water in southwestern Idaho and north-central Nevada suggests a broad heat source. Reported heat-flow values range from 1.5 to 3.3 HFU. Extrapolation of data from a deep test hole in the northern part of the study area indicates a conductive heat flow of 2.2 HFU. A heat flow of 2.2 HFU would be associated with a temperature gradient of 1.7°C per 100 ft. Reservoir temperatures of 80°-96°C could be attained by circulation of water to depths between about 4,000 and 5,000 ft. Additional data from the test hole indicate a 2,000-ft section of rhyolite between 2,720 and 4,750 ft, which is considered to be the principal reservoir rock (Idavada Volcanics) in the northern part of the study area.
Using an average conductive heat flow of 2.2 HFU for the study area, heat flux into the system is estimated to be 8.7X107 cal/s. Considering heat losses of 4.3X107 and 2.8X107 cal/s to conduction and thermal-spring dis charge, respectively, the net amount of heat that is transported convectively through the system is about 2.8X107 cal/s. Assuming the heat is discharged advectively from the system in water moving across the northern boundary, about 25.0 ft3/s, or 18,000 acre-ft/yr, of 50°C water would be required to transport 2.8X107 cal/s of heat from the system. The reservoir thermal energy for the geothermal system is about 130X1018 cal.
The conceptual model proposed for southwestern Idaho is one of an old system, where water has circulated for thousands, even tens of thousands of years. The prin cipal reservoir rock is in the Idavada Volcanics at depths between about 3,000 and 5,000 ft. Water in the system is meteoric in origin and fell as rain or snow in the distant past. Water is heated within the reservoir by circulation to depths near 5,000 ft. Residence times near 3,000 years are indicated on the basis of climatic evidence, as well as physical reservoir parameters; however, residence times of as long as 25,000 years are not precluded.
